Abstract: Metallurgical pretreatment of As-bearing ores involves oxidation of sulphides (most often As-bearing pyrite, arsenopyrite or enargite) resulting in complex oxidized As-bearing products. We have evaluated roasting pretreatment of arsenic-bearing ores in a broad context and related this to the specific operations at the Giant mine, Yellowknife, NWT, Canada, which roasted arsenopyrite (FeAsS)-rich gold ore concentrates during 50 years of operations. A large portion of the As was collected and stored in underground vaults as As 2 O 3 dust; however, some of the As was also released with tailings which contain concentrations between 1000 to 5000 ppm. Powder X-ray diffraction (XRD) and sequential extractions have been completed on samples of mill products and various ages of tailings at the Giant mine. These data along with petrographic and synchrotron μXRD and μX-ray absorption near-edge spectroscopy (μXANES) indicate that the largely oxidized roaster products (calcine) and electrostatic precipitator (ESP) dust host most of the As in the tailings with a lesser component of sulphide arsenic. The fine-grained nature of these oxidized products has led to hydraulic sorting within the tailings impounds and dispersal to downstream creek and lake sediments.
Arsenic tends to be retained in calcines during roasting of sulphides; however, there is little evidence of the mechanism of As retention. We have previously identified nanocrystalline composite Fe oxide grains, predominantly maghemite (γ-Fe 2 O 3 ), as important As host phases in roaster products (Walker et al. 2005) . Further grain scale analyses herein have characterized unweathered roaster Fe oxides and confirmed that As incorporation occurs during roasting as a mixed oxidation state with the ratio of As 3+ / As 5+ determined by the partial pressure of O 2 at the reacting surface during combustion of the sulphide (lower p O2 , higher As 3+ ) and oxidation of magnetite (Fe 3 O 4 ) to maghemite (higher p O2 , lower As 3+ ). Gas phase As chemisorbs to the finely divided magnetite or maghemite surface. Where further transformation of maghemite to hematite (α-Fe 2 O 3 ) occurs, the transformation is accompanied by rapid crystallite growth, a decrease in surface area and concurrent decrease in the As content. The mixed oxidation state As-bearing Fe oxides have been identified in tailings up to 50 years old and also in >30 year old stockpiled calcine at another nearby gold mine (Con mine). The lack of oxidation of the As 3+ over time in these phases requires an explanation, since surface sorbed As 3+ O 3 units would be expected to oxidize to As 5+ O 4 . We suggest the most plausible reason is that some of the As 3+ is incorporated within the maghemite framework associated with structural vacancies.
There is no acid rock drainage in Giant mine tailings, given the roaster oxidation of sulphides and abundant carbonate in the tailings. The neutral drainage conditions and the complex pool of oxidized arsenic forms, means that the solubility and stability of fine ESP dust and the finely porous roaster Fe-oxides are the principal consideration in arsenic dissolution and mobility. The foremost outcome of this study is that it is crucial to understand the effect of ore processing on the solid As form before investigating the geochemical response of As-bearing wastes in the environment.
Background
Anthropogenic inputs of As to the environment are sizeable in comparison to natural inputs. Major sources of anthropogenic As in the environment are mining and smelting activities, and coal combustion (Han et al. 2003) . Past industrial activities have left widely dispersed As contamination in many areas (e.g. Amasa 1975; Henderson et al. 1998; Hocking et al. 1978; Mitchell & Barr 1995; Mok & Wai 1990; Moore & Luoma 1990; Ragaini et al. 1977; Reimann et al. 2000) . In the environment, As may be transported as a gas in reduced form (AsH 3 and organic derivatives), but more often it is transported in dissolved form or as suspended particles in both air and water. Roasting is a relatively common pyrometallurgical ore pre-treatment process that continues to see application today and saw even greater application in the past.
The two most common purposes for roasting of arsenical sulphide ores are: (1) to improve the extraction of refractory gold; and (2) to remove As from copper ores prior to smelting. The earliest roasting technologies practiced in gold extraction were turn of the century (ca. 1900) hand-feeding and mixing (rabbling) techniques in reverbatory furnaces (Forbes 1904) where the objective was decomposition of the sulphide that interfered with the subsequent chemical extraction of the gold. By the mid-1900s, mechanically-rabbled hearth-roasters (often referred to as the 'Edwards roaster') were employed in the roasting of refractory gold concentrates (Gossman 1987) with the objective of producing a porous calcine amenable to the extraction of gold. In contrast, multi-hearth roasters were most commonly used in the pretreatment of copper ores (Lindkvist & Holmstrom 1983) . Multi-hearth roasters were notably poor at removing As in the copper smelter feed (Landsberg et al. 1980) with their primary purpose being drying and in some cases partial sulphur removal. Fluosolids roasting tended to replace both of these technologies beginning in the 1950s especially where careful control of
The effect of ore roasting on arsenic oxidation state and solid phase speciation in gold mine tailings reactions was beneficial. Fluosolids roasting is characterized by more even temperature and atmosphere control than hearth roasting due to the fluidized bed of reacting calcine with variable retention times in the reactor (smaller particles generally have shorter retention times although short-circuiting can occur). Relatively recent advances in fluidized bed technology include the circulating fluidized bed (CFB) and oxygenated CFB technologies (Thomas & Cole 2005; Hammerschmidt et al. 2005) . As a preoxidation process, roasting has remained the technology of choice for 'double-refractory' sulphide-carbon gold ores (McMullen & Thomas 2002; Fernandez 2003; McElroy et al. 2008) , but has otherwise been largely replaced by hydrometallurgical processes including pressure oxidation and bacterial leaching (McMullen & Thomas 2002; McElroy et al. 2008) . Adoption of continuous Cu smelting processes and advances in impurity control have decreased the requirement for roasting pretreatment in Cu smelting process (Reddy 2003) . Continued advances in producing As-rich and As-poor ore streams (e.g. Filippou et al. 2005; Bruckard et al. 2010 ) and significant cost advantages of roasting over hydrometallurgy could lead to a resurgence in roasting as a technology of choice (McElroy et al. 2008) especially if improvements in As off-gas management can gain industry and public acceptance.
Arsenic volatility leads to partitioning of As from solid phases (e.g. As-bearing pyrite (FeS 2 ), arsenopyrite (FeAsS), or enargite (Cu 3 AsS 4 )) to gases at elevated temperatures during processing, primarily as As 4 , As 4 S 4 , As 2 S 3 or As 4 O 6 depending on the reacting atmosphere (Chakraborti & Lynch 1983) . Present practices require appropriate management and treatment to minimize release of As to the atmosphere. However, in the past, treatment technologies were less effective. Prior to the 1950s, there was little to no treatment of As off-gases (Forbes 1904; Tait 1961; Hocking et al. 1978; Ashley & Lottermoser 1999) . Arsenic also remains in other mill wastes and products as dissolved As and solid phases that can include both unreacted sulphides, products of sulphide combustion, and waste treatment residues. This means that pyrometallugical processing of As-bearing ores can result in a complex range of solid As-bearing phases with a range of solubilities and oxidation states distributed among different waste streams. This results in the potential release and transport of multiple As species in all environmental compartments (air, soil, surface water, groundwater and sediment) and the potential for mixing of different waste stream components at the point of deposition. Understanding the fate of As in the environment therefore requires as much an understanding of the changing anthropogenic processing and waste treatment processes employed at a site over time as the transport mechanisms, and post depositional hydrogeochemical and biogeochemical processes. Typically roasting results in the production of two main solid products: (1) the reacted sulphide residue (calcine) that is composed largely of Fe oxides and varying amounts of relic sulphide; and (2) fine dust and desublimate products liberated during roasting. These fine products may be collected together or separately, and most often by some combination of wet scrubbers, electrostatic precipitators (ESPs) and bag filters (Marsden & House 2006) .
The objective of this study is to investigate the influence of ore roasting on solid phase As speciation in the environment, particularly as it relates to historic tailings disposal at a gold roasting operation. To this end we conducted powder XRD, petrographic microscopy and sequential leach analysis on mill products and tailings at the Giant mine site. Tailings characterization results and the targeted sampling approach allow an assessment of the overall influence of roasting on the arsenic distribution and forms in tailings and down-stream areas. A particular focus of this work is to further characterize the As association with roaster-derived Fe oxides, by expanding on our previous work using combined petrographic and synchrotron μXANES and μXRD methods (Walker et al. 2005) . Our previous work has shown these Fe oxides to be micro-porous nanocrystalline composite grains of maghemite (γ-Fe 2 O 3 ) and sometimes hematite (α-Fe 2 O 3 ) with As contents of <0.5 to 7% As (w/w). The As in these nanocrystalline composite phases are mixtures of As 3+ and As 5+ in ratios that vary from grain to grain. Similar mixed oxidation state As-bearing Fe-oxides have since been identified in calcine from an oxygenated CFB roaster at Goldstrike, Nevada (Paktunc 2008 ) treating arsenic-bearing pyritic gold ore.
This study expands on our previous work and specifically investigates the variation in As content and oxidation state with Fe oxide morphology (related to roasting conditions), mineralogy (maghemite and hematite), exposure in the environment (0 to 50 years) and type of tailings depositional environment (subaerial and subaqueous) in an attempt to better understand how the As is incorporated in these Fe oxides and the fate of arsenic in the environment.
Giant mine geology, mill processing and tailings deposition
The Giant mine milled gold ore for over 50 years . The ore was hosted within a brittle-ductile shear system that transects the Kam Group of the Archean Yellowknife Greenstone Belt (Hubbard et al. 2006) . The shear system is complexly folded and consists of hydrothermally altered and deformed sericite-or chlorite-rich rocks (Siddorn et al. 2005) . Mineralization occurs as disseminated sulphides (and sometimes sulphosalts) in broad silicified zones or quartz carbonate veins bounded by sericite or chlorite schist (Boyle 1961; Ellis & Hearn 1990) . Ore shoots typically contained less than 10% sulphide content and more often less than 5%, although up to 15% sulphide has been reported (Coleman 1957) . According to Lewis (1985) , the principal sulphide and sulphosalt mineralogy at the Giant Mine included (in decreasing order of abundance): pyrite, arsenopyrite, sphalerite, chalcopyrite, sulphosalts (jamesonite, berthierite, bournonite and tetrahedrite), pyrrhotite, and galena. However, the actual abundance is variable within individual ore shoots and different regions of the mine (Coleman 1957; Canam 2006; Hubbard et al. 2006) . A study of concentrate in 1990 (originating from stopes being mined at the time) indicated that pyrite and arsenopyrite combined accounted for 95% of the sulphides and that marcasite, chalcopyrite, sphalerite, acanthite, boulangerite, tetrahedrite, berthierite, gudmundite, stibnite were present in trace amounts (Chryssoulis 1990) . Gold at Giant is mostly refractory being incorporated submicroscopically within arsenopyrite (Halverson 1990; Stefanski & Halverson 1992) .
Milling at the Giant mine included grinding and flotation, with roasting and cyanidation of the flotation concentrate to extract the gold (More & Pawson 1978) . During the first 3 years of mine operation (1948 to 1951) tailings were discharged onto the shores of Yellowknife Bay (Figure 1 ). After 1951, tailings were discharged into a small lake on the mine site (Bow Lake) and other low-lying areas generally in the vicinity of the present Central tailings pond. Sometime in the 1950s (when the natural capacity of the basin was exceeded) a series of dams were constructed across low lying areas to increase tailings storage capacity (beginning with Dam 1, Figure 1 ). These were probably unengineered waste-rock structures. Beginning in the 1970s a series of engineered 'clay core' dams were constructed, eventually resulting in the present day, North, Central and South tailings ponds (Figure 1 ). The Northwest tailings pond was constructed in 1987 to contain new tailings as well as tailings from the Tailings Retreatment Plant (TRP) that was operated briefly in 1988 and 1989. The tailings reclamation left the large depression in the south half of the North Pond (Figure 1) .
The milling process generated essentially three tailings streams that discharged the bulk of the tailings solids including flotation tailings, cyanided calcine residue and cyanided electrostatic precipitator dust. Information gathered in this study combined with analysis reported herein indicates that the three streams varied substantially from each other in total tonnage, As content and mineralogy (Table 1) . Flotation tailings are high tonnage, and relatively low in As, which is hosted predominantly by arsenopyrite. The lower tonnage streams (namely calcine residue and Cottrell ESP tailings) carry higher concentrations of As as roasted products of the sulphide concentrate (eg. Fe oxides). The variation in As loading among the three waste streams over time (Table 1) may be explained by changes in milling process. It is known that cyanidation of the flotation tailings was completed between 1955-1967 suggesting a different flotation tails character in that time (Halverson 1984) .
Synopsis of Ore Roasting and Arsenic
This study relies heavily on an understanding of As behaviour during roasting, and the types of wastes produced and discharged to the environment. As a technology, roasting pretreatment of 
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Yellowknife Bay, Great Slave Lake by Michael David Campbell on December 4, 2018 http://geea.lyellcollection.org/ Downloaded from arsenical ores has seen rather wide-spread application and is not often discussed in an environmental context beyond very generic treatment (along with smelting) with emphasis on the potential costs related to off-gas treatment to meet increasingly stringent emission limits. However, the roasting process is a critical factor in the form of As released to the environment. Specifically, studies to date on the form of As in roaster calcines have been speculative, sometimes conflicting and largely inconclusive. Therefore, we provide an overview of ore roasting in terms of As form and fate and then briefly summarize specific operations at the subject Giant mine site.
Overview of roasting practice of arsenical ores
Roasting of As-rich sulphide ores has been practiced since before 1900, sometimes for the extraction of As (Ashley & Lottermoser 1999; Camm et al. 2003) , but more often as a pretreatment step, especially in the processing of Au, Cu and Sn ores (Gossman 1987; Vian et al. 1963; Camm et al. 2003) . In the process of roasting, As is sublimed, the sulphides are decomposed, and a range of solid products and wastes are produced. The As concentrations retained in the products and resulting mineral form(s) depend on the roaster feed (ore or concentrate) characteristics and mineralogy, the roasting method, rate of heating, temperature and atmosphere in the roaster, subsequent processing of the roaster product (calcine), and the methods for dust and gas treatment employed (Landsberg et al. 1980; Riveros et al. 2001; Robins & Jayaweera 1992) .
Since the 1930s (Archibald 1949; Norwood 1939) , metallurgists have sought to characterize the reactions and processes involved in the thermal decomposition of As-bearing sulphide ores for the purposes of making refractory gold amenable to cyanidation. Beginning in the late 1970s and 1980s (e.g. Landsberg et al. 1980; Chakraborti & Lynch 1983 , 1985a ) and continuing to the present day (Nakazawa et al. 2003b) , research has also been directed at the mechanisms behind the retention of As in the roaster-calcine feeds to copper smelters. Arsenic poses additional metallurgical and environmental problems during the higher temperature copper smelting process so it is often removed in a pretreatment step such as roasting. The combined research efforts toward improving refractory gold extraction and identifying the mechanisms of As retention in the calcine have established the principal reactions and processes involved in the roasting decomposition of As-bearing pyrite and arsenopyrite ores (see also Walker et al. 2005 and references therein). However, the mechanisms that retain As in the calcine are complicated and still poorly understood. This is due to the many solid and gas species involved, multiplicity of reactions that vary with temperature and roasting atmosphere, and the dynamic (non-equilibrium) nature of roasting environment (Landsberg et al. 1980; Chakraborti & Lynch 1985b; Nakazawa et al. 2003a, b) .
Carefully controlled laboratory studies to confirm the gas solid reactions occurring during roasting (e.g. Chakraborti & Lynch 1983; Landsberg et al. 1980 ) are rare, and there are few studies that have actually identified the As species remaining in roastercalcines. The study by Van Elteren et al. (2006) on 1800s As calciner wastes (that may have some similarity to roaster calcines) is an exception, where they identified a rare Fe-As oxide (Fe 2 As 3+ (As 5+ O 4 ) 3 ) previously only known from laboratory studies (D'Yvoire & Nguyen 1979; D'Yvoire et al. 1974) . Metallurgical studies have predicted the formation of relatively few solid As reaction products (Fe 2 As, FeAs, FeAs 2 , FeAsO 4 , As 2 O 4 , and As 2 O 5 ) for which there has been available thermodynamic data (Chakraborti & Lynch 1983 , 1985a Landsberg et al. 1980; Nakazawa et al. 2003b; Vian et al. 1963) . However, these phases have rarely been directly identified in the calcines; rather their presence has been inferred. Also, much of the literature on Fe oxides in roasting has considered only magnetite and hematite with maghemite only sometimes specifically identified (e.g. Stefanakis et al. 1988) even though the magnetic product of oxidative roasting in most cases is likely maghemite formed by the oxidation of a magnetite precursor. In addition, the fine, nanocrystalline nature of these products may not have been fully considered although the fine micron to submicron scale porosity of these Fe oxides has been widely identified as important for the leaching of gold (e.g. Chryssoulis & Mcmullen 2005 , Grimsey & Aylmore 1992 Marsden & House 2006; Stefanakis et al. 1987; Swash & Ellis 1986 ). It is notable that a review of the thermal transformation of pyrite (Hu et al. 2006) failed to differentiate maghemite from magnetite and hematite in their discussions and their resulting conclusions on the thermal oxidation products of pyrite may therefore be incomplete. The distinctive chocolate-brown colour observed in some 'ideally' roasted Au-ore calcines (Marsden & House 2006 and references therein) is probably indicative of maghemite (Cornell & Schwertmann 2003) rather than a mixture of magnetite and hematite as it is often described.
When As phases are directly identified, they tend to occur under specific roasting conditions (e.g. FeAs in Chakraborti & Lynch 1983) . However, most (if not all) roaster-calcines retain As, typically at concentrations ranging from 0.1 to >2% As (1000 to 20 000 mg/kg) (Vian et al. 1963; Lindkvist & Holmstrom 1983; Jha & Kramer 1984) . As with all heterogeneous solid mixtures including soils, sediments and tailings, these concentrations can be distributed in the form of relatively few high As content particles (e.g. arsenopyrite), more numerous lower concentration particles, or a mixture of both. It appears that identifying the species of As in roaster calcines has been hampered by the fact that, other than relic arsenopyrite, the As-bearing phase or phases in these materials are finely dispersed within or surface-bound to complex nanocrystalline Fe oxides (Walker et al. 2005) . This leads to a situation of a high abundance, but moderate to low concentration As phase or phases that are difficult to characterize, and explains why conventional petrographic approaches (e.g. Grimsey & Aylmore 1992) and bulk XRD (e.g. Chakraborti & Lynch 1985b; Landsberg et al. 1980; Taylor et al. 1991) have not been successful at identifying the solid As species retained in the calcine.
Giant mine roasting
Mining and mill processing at this site for over 50 years has left a number of environmental legacies. Many of the issues involve As and the products of oxidative roasting and extraction of the gold including: 237 000 tonnes of As trioxide dust stored underground; 16 million tonnes of tailings covering 95 hectares; water treatment sludge over 9 hectares; contaminated sediments in Baker Creek and Yellowknife Bay; and As-contaminated soils in the surrounding area from over 60 years of stack emissions (Figure 1 ; SRK & Senes 2007; Andrade et al. 2010; Jamieson et al. 2007; Fawcett & Jamieson 2011; Bromstad & Jamieson 2012; Jamieson 2014) . The Giant mine roasted a sulphide concentrate produced by froth flotation of mined ore. Off-gas treatment and underground storage of As 2 O 3 dust began in 1952 with an electrostatic precipitator (ESP) operated cold (ambient temperature), upgraded in 1958 to hot operation, followed by desublimation and bag-house dust collection with underground storage. After 1958 the ESP dust was batch cyanided and sent to the tailings along with flotation and calcine tailings. Details on the roasting operation at Giant from 1948 to 1999 have already been summarized (Walker et al. 2005) and are not repeated here, except to highlight similarities and differences between the Giant approach and the broader application of roasting arsenical ores. The main roasting operation at the Giant mine was two-stage fluosolids roasting, where the first stage was conducted with an 'air deficiency' that favoured As removal, and the second stage was conducted with an excess of air (Tait 1961 ). This two-stage process is typical of roasting operations involving arsenopyrite. The term 'air deficiency' refers to roasting conducted in a self-sustaining (autogenous) manner with just sufficient oxygen to maintain the reaction. Thus, the firststage roast is still largely driven by the exothermic oxidation of sulphides in air, although the atmosphere will be SO 2 -rich. The temperature of roasting at Giant was tightly controlled with both the first and second stages kept at ca. 500 ºC with the use of spray water in the reactor vessels. This relatively low temperature of roasting at Giant is common for refractory arsenical gold ores although the second stage of roasting is often conducted at higher temperatures at other operations (typically 600ºC to 700ºC, Jha & Kramer 1984) . There has been a recent trend toward lower temperatures of roasting (<600ºC) for gold extraction in general (Marsden & House 2006; Fernandez 2003; Fernandez et al. 2000) , and temperatures in the range of 500ºC seem to produce the highest surface area calcines (Arriagada & Osseo-Asare 1984) . However, sometimes extraction can be poor without further washing and regrinding of the resulting calcine. Tait (1961) attributes this requirement to the presence of soluble phases (e.g. arsenites, arsenates or sulphates) that need to be removed since they interfere with effective cyanidation.
Gangue minerals including carbonates (dolomite and calcite) are largely unaffected by roasting at Giant due to the relatively low roasting temperatures (c. 500ºC). The thermal decomposition of dolomite occurs incongruently (Mg component first) between 630ºC and 750ºC (Bruckard et al. 2010 and references therein) with subsequent decomposition of Ca carbonate above 750ºC.
Samples and Methods
Solid-phase samples for this study include Giant mine mill products (flotation tailings (sample M1M), cyanided fluosolids roaster calcine (sample M2M) and ESP dust (sample M4M)) and tailings cores of various depositional ages that were sampled in 1999 at the Giant Mine, Yellowknife, Northwest Territories ( Figure 1 , Table 2 ). Core locations were strategically selected to cover a range of tailings ages and depositional environments based on site knowledge provided by the long-time Mill Superintendant at Giant mine. Each core location (e.g. B1) and reference name is denoted on Figure 1 with the first letter denoting which tailings area it was from ('B' for Beach at shoreline tailings, 'Stn-5' for subaqueous core from the shoreline tailings area, HC for mounded tailings adjacent to a highway crossing downstream of historic tailings discharges, N for North Pond, NW for Northwest Pond, both tailings impoundments). Subsamples from cores were selected on the basis of overall colour and textural variation. Since it was identified early that important and complex As hosts at the site were associated with the roasted concentrate and ESP dust, particular attention was paid to the presence of the characteristic brown to red-brown colour of the maghemite (± hematite) associated with these waste streams. The oldest tailings sampled include calcine from an original Edwards hearth roaster that operated at the site in the first decade of mining at the site (1949 to 1958) . A sample of stockpiled roasted concentrate (sample CM1a) from the nearby Con Mine in Yellowknife is also included as an example of cyanided (Edwards type) hearth roaster calcine from another old roasting operation. A detailed description of the samples is included in Table 2 . Additional details on field sampling methods are described by Walker et al. (2005) .
The set of samples were submitted for sequential selective extraction (SSE) using the method developed by the Geological Survey of Canada (Hall et al. 1996a,b) . All samples were fine grained and analysis was conducted on bulk (unsieved) material. Analysis of all extracts was by ICP-MS. SSE methods are operationally defined wet chemical extraction methods that attempt to measure elemental relationships to specific solid component types within the soil (or, in this case, tailings). The operationally defined fractions deemed most appropriate for this study included adsorbed/exchangeable, carbonate, amorphous Fe-Mn oxides, crystalline Fe oxides, sulphides and residual. Samples for more detailed micro-analytical work were selected on the basis of these results in conjunction with sample type (mill product, tailings), age, and depositional history. Three laboratory prepared (cone and quarter) blind duplicate samples were submitted to verify laboratory reproducibility (shown in Figure 2 ).
The micro-analytical grain-scale approach and methods are largely based on those described in our previous work (Walker et al. 2005 ) and include synchrotron μ-XRD with Fit-2D software (Hammersley 1998 ) and μ-X-ray absorption near edge structure (μ-XANES) spectroscopy. We have employed this approach to the generally silt-sized and finer As-bearing solids in the tailings and mill product samples. The work is guided by petrographic characterization of potential As-bearing phases using optical microscopy in transmitted and reflected light. This grain selection and targeting process was followed by synchrotron microanalysis at National Synchrotron Light Source (Brookhaven National Laboratory), beamline X26A. Potential synchrotron micro-analytical targets were selected on the basis of: (1) observed mineralogical relationships to the roaster-derived Fe oxide phases (e.g. arsenopyrite-Fe oxide, pyrite-Fe oxide, pyrrhotite-Fe oxide, Fe oxide without sulphide); and (2) grain morphology and reflectivity (microporous reflective, microporous with lower reflectivity, microporous with red internal reflections, concentric). Microporous grains may have coarse porosity, fine porosity or an almost massive appearance. Concentric grains may have thick layers (few microns) or very thin layers (to <1 micron) with thick outer layers being quite common and attributed by others as representing relatively rapid initial oxidation followed by slower oxidation of the inner regions by restriction of gas migration through this outer rim or fractures within it (Jorgensen & Moyle 1981; Arriagada & Osseo-Asare 1984) . There are also some that are clearly compound grains and a few that seem to have a blocky (or reticular) appearance that is difficult to categorize as either microporous or concentric, but is probably a variation of the former. Given the wide range of textures, textural combinations and mineralogical associations observed, analysis of every variety was not conducted, but rather targets were selected on the basis of representation of the most common textures and specific mineral associations. Grain size was also a consideration since fine grains are difficult to analyse in isolation from other surrounding grains and matrix especially in calcine-rich samples. Samples were prepared and run as thin sections on As-free silica glass slides (XANES only) or as thin sections lifted from the glass slide (Walker et al. 2005 ) that allows mounting on Kapton tape for transmission mode μ-XRD and coincident μ-XANES. XANES scans were collected according to methods described in Walker et al. (2005) using either a single element Si(Li) detector or multi element Ge detector (MED). Mixed oxidation state spectra were subjected to the linear combination fit routine of WinXAS™ to determine the proportions of As 3+ and As 5+ (Walker et al. 2005) . A single set of standard analyses collected on the 9 element MED (including arsenopyrite, schneiderhohnite (Fe 2+ Fe 3+ 3 As 3+ 5 O 13 ) and scorodite (FeAs 5+ O 4 •2H 2 O)) was used for all fits. A set of standard spectra (same standards as MED) collected on the Si(Li) detector gave comparable fit results. The arsenopyrite standard was included in all fits to remove any component of background As in pyrite or arsenopyrite. Pyrite and arsenopyrite, if present, may not be homogenously distributed within the analytical volume intersected by the beam in individual roaster Fe oxided grains, since some relic sulphide particles can be of similar size to the micro-beam. Therefore, inclusion of the arsenopyrite in all fits is meant to correct for this effect and improve the fit of As 3+ and As 5+ rather than quantify any relationship between As 1-, and As 3+ or As 5+ . As discussed in our previous paper (Walker et al. 2005) there is a possibility that other reduced As phases (e.g. realgar or iron arsenides) in low amounts may be responsible for the reduced As signal in some grains where no obvious arsenopyrite or pyrite is present.
Electron probe microanalysis (EPMA) was conducted on selected thin sections that contained abundant roaster Fe oxides in the coarse silt size range. Analytical conditions were the same as those described in Walker et al. (2005) with the exception that an additional secondary standard (schneiderhohnite) was used to check accuracy of results. The EPMA work was used to quantify the As content in a range of visually distinctive roaster Fe oxide grains including those previously analysed by μ-XRD and μ-XANES.
The main As-bearing mineral in the ore is arsenopyrite, which is sub-equal in abundance with pyrite (Coleman 1957; Boyle 1961) . Analysis of pyrite has been reported to contain up to 5.49 wt% As in a deposit-wide study at the nearby Con Mine of similar origin (Armstrong 1997) . Analysis of over 99 pyrite grains in a previous study at the Giant mine by Chryssoulis (1990) identified a maximum of 3 wt% and an average of 0.68 wt% As. Twenty percent of the grains contained more than 1 wt% and only two were below the detection limit of 0.01 wt%. Some As may also be associated with sulphosalts and especially as solid solution with Sb in tetrahedrite that has been identified in generally low abundance (Coleman 1957; Boyle 1961; Chryssoulis 1990; Armstrong 1997) . Qualitative analysis of sulphide grains was conducted to verify petrographic characterization as arsenopyrite or pyrite, particularly in fine relic grains.
Pore water chemistry from tailings samples was determined where sufficient water could be extracted. Water samples were obtained by squeezing core in aluminium tubes or employing suction lysimeter methods comparable to those described by Rollo & Jamieson (2006) . General chemistry parameters including pH, conductivity, and dissolved oxygen were obtained immediately after collection using instruments calibrated daily. Alkalinity was determined by titration and anions by ion chromatography. Samples for metals and As were field filtered through 0.45-μm cellulose acetate syringe filters and preserved with trace metal grade nitric acid. Dissolved elemental analysis was by ICP-AES. Arsenic and antimony were determined by hydride generation atomic absorption spectroscopy (AAS).
Results and Discussion

Tailings Porewater Results
Porewater chemistry was measured for two intervals of shoreline subaerial tailings, two intervals of north pond tailings and one interval of northwest pond tailings (Tables 3a and 3b) . Results indicate circum-neutral pH and oxic waters with alkalinity ranging from about 150 to 360 mg/L (as CaCO 3 ). Sulphate concentrations for the oldest and most exposed subaerial shoreline tailings were relatively low in the range of 200 mg/L and more elevated in northwest pond and north pond tailings at 1100 and over 3000 mg/L respectively. The higher apparent dissolved solids in the north and northwest pond tailings may reflect a greater content of residual process water and in the case of northwest pond recycled mine water. Dissolved metals concentrations were notably low in the porewaters. However, As concentrations were typically in the range of 0.2 to 0.6 mg/L with one sample from shallow north pond tailings observed at over 2.5 mg/L. Antimony concentrations were below detection in shoreline tailings, but were present at more elevated concentrations in younger tailings (north and northwest pond) and sometimes at concentration higher than observed for As.
Characteristics of Mill Products and Giant Mine Tailings
Bulk X-ray diffraction of the tailings samples is consistent with the ore host (chlorite-carbonate-sericite schist, Boyle 1961) and confirms the presence of quartz, dolomite, chlorite, muscovite and calcite in all samples including the calcine-rich samples (M2M, CM1a and B1b-S3) and ESP dust (M4M). Gypsum was also detected in the ESP dust sample (M4M). The roaster-derived maghemite was detected in only the calcine samples (M2M and CM1a) and ESP dust (M4M) reflecting low overall abundance in the other tailings, although it can sometimes be detected by careful fine subsampling of visually distinct mm-scale fine layers (e.g. CB1b-S3 in Walker et al. 2005) . Pyrite is detected in calcine samples, but cannot be definitively confirmed in XRD of the ESP dust. Arsenopyrite is not detected by conventional XRD in any sample; in fact the only As mineral detected by XRD is arsenolite in the ESP dust and possibly calcine CM1a. The arsenolite in CM1a may be derived from weathering and precipitation in the stock-pile, but is more likely due to cross contamination from As trioxide sludge. Arsenic trioxide sludge and calcine (both from stockpile) were feeds to the autoclave milling process at the Con Mine (Geldart et al. 1992) at the time of sampling. All subsequent micro-analysis of CM1a for this study was directed specifically at roaster-derived As-bearing Fe oxides.
Petrographic Analysis of As-bearing Phases
Petrographic characterization of the flotation tailings (M1M) in thin section confirmed the presence of pyrite and arsenopyrite as generally small (<10 μm diameter) euhedral to subhedral grains typically enclosed or partly enclosed within silicate grains. Some free grains at a similarly fine scale were also noted along with a few larger pyrite grains up to 50 μm in diameter. These grains appear essentially unaltered.
The main As-bearing tailings component at Giant is the calcine residue (M2M). It reportedly constitutes only about 10% of the tailings discharged by tonnage (Royal Oak Mines 1992), but contains up to 80% of the As discharged to the tailings (Table 1 ). The main As-bearing phases identified in the Giant calcine residue sample (M2M) are nanocrystalline composite grains of maghemite containing <0.5% to 7% As (w/w) as a mixture of As 3+ and As 5+ (Walker et al. 2005) . The maghemite exhibits either concentric textures (lower temperature direct oxidation of sulphide to Fe oxide) or spongy texture grains (via a pyrrhotite intermediate formed at higher temperatures) (Walker et al. 2005 and references therein). Some pyrite and very small amounts of arsenopyrite are present usually as unroasted relic cores within concentric grains, but occasionally as free grains and near pristine inclusions within silicates. In some cases, free grains may be partly reacted cores that were liberated during regrinding in preparation for cyanidation. Pyrrhotite intermediate particles are inferred to form under conditions where evolving SO 2 protects the sulphide surface from complete oxidation to magnetite or maghemite. However, these are rarely preserved in the final calcine, probably because they are completely oxidized to Fe oxide by the end of the second stage roast. Their characteristic spongy texture is preserved in the resulting Fe oxide. Mineral associations observed in very low abundance are: spongy hematite-maghemite mixtures, spongy pyrrhotite enclosed by thin maghemite rims, coarsely porous pyrrhotite as discrete grains or rimming pyrite, more massive pyrrhotite relics within finely porous maghemite, and roaster Fe oxides within silicates. The latter indicates that inclusion within silicate does not always protect pyrite and arsenopyrite from reaction in the roaster. One lower reflectivity spongy and rounded grain was also observed in sample M2M that has recently been determined to contain anomalous wt% concentration of Sb (Fawcett & Jamieson 2011 ). The Con mine calcine (CM1a) is similar to Giant calcine except it contains much less concentric textured maghemite and a greater amount of spongy maghemite. Spongy hematite-maghemite mixtures (optically identified by bright red internal reflections) are also more abundant than in the Giant calcine. Petrographic interpretation of the ESP dust is limited by its fine grain size (fine silt and clay). It contains a few coarse silt-sized irregularly shaped, weakly reflective and brownish composite grains of As oxide with variable Ca, Sb and S content. The composition of these grains and their relatively coarse size suggest they could have formed by deposition on cool surfaces. Their coarse size and rarity make it difficult to know how representative they are of finer material in the ESP dust. Fine As-bearing Fe oxide grains (mostly maghemite) similar to those observed in calcine are usually <10 μm and down to the limit of optical observation in the microscope. It is assumed that the fine opaque matrix throughout this sample is largely due to these fine Fe oxides, which is supported by the XRD results described above. A single unreacted pyrite grain (euhedral cube with sharp edges intact) was also observed. The ESP dust is matrix supported with coarse silt-sized grains of silicates, carbonates and the opaque phases described above comprising at most a few percent in the thin section. Tailings samples are interpreted to be mixtures of flotation tailings and calcine residue in varying proportions, plus fine grained opaque material that may be either the finest size fractionated calcine or ESP dust. There is good correlation between elevated As content (>2000 ppm) and visual evidence of roaster-derived wastes (Table 2) including macroscopic (distinctive reddishbrown, dark brown and dark grey-brown colours) and microscopic (presence of roaster Fe oxides or fine, brown, semi-opaque matrix material). There is no evidence of sulphide mineral oxidation (Fe oxyhydroxide rims) due to weathering in samples from the tailings impounds (North Pond, North-West Pond) which is consistent with previous reports (Jambor 2000) . Due to their fine grain-size, and on-going discharge of mine tailings and mine water up to the time of sampling, these tailings probably remained largely saturated much of the time. Also, drilling and sampling by the mine in the mid-1980s (Halverson 1984) indicated that some older tailings layers at depth remained frozen throughout the year (which is not unexpected given the cold climate and presence of discontinuous permafrost in the region). However, the shoreline tailings which were mounded above lake level for over 50 years do show Fe oxyhydroxide rims on sulphides characteristic of oxidative weathering (Walker et al. 2005) . EPMA and synchrotron analysis of several of these rims has confirmed them to be As 5+ -bearing at concentrations up 1 wt%. The source of As in these rims may be due to weathering and remobilization of As within vadose zone (unsaturated) tailings (e.g. from arsenopyrite oxidation), due to atmospheric deposition of As from roaster stack emissions or both of these.
Significant atmospheric deposition of As and acidity has occurred in the area around the mine site due to operation of the roaster. Atmospheric deposition of As was very high in the first few years of operation (1948) (1949) (1950) (1951) since there was no gas treatment at the time (Hocking et al. 1978) . Gas treatment for As vapor gradually decreased As emissions, but they probably remained significant until implementation of the ESP (operating at elevated temperature) and bag house in 1958 (Tait 1961) . Therefore it is possible that some of the As in the Fe oxyhydroxides and (perhaps even the roaster Fe oxides if sufficient grain permeability and sorption sites were available) is from infiltration of As dissolved from the aerial dispersed source.
Sulphur dioxide emissions from the roaster had increased over time in keeping with the level of production at the mine. Therefore, the weathering of the sulphides may have been promoted by local acid-deposition from roaster-stack sulphur dioxide emissions.
Carbonate buffering is likely to have limited this effect. This is consistent with the circum-neutral pH measured in all tailings porewaters, including the subaerial tailings. Notably, the Fe oxyhydroxides in these subaerial beach tailings contain approximately 1 wt% Ca similar to other weathering products observed in oxidized neutral drainage tailings (Jambor & Blowes 1991; Walker et al. 2009 ).
Arsenic-bearing Fe oxides in Yellowknife gold-mine tailings have recently been described in the context of sulphide oxidation and arsenic attenuation under acid rock drainage (ARD) conditions (Moncur et al. 2009 ). However, the high carbonate to sulphide content of Yellowknife gold ores and the fact that most ores were refractory and subjected to preoxidation by either roasting or autoclave suggests a low possibility for ARD conditions to develop in most tailings at these sites. Reported acid base accounting data for Giant mine tailings give neutralization potential ratio (NPR) values ranging from 5-70 (Golder Associates 2001), where NPR indicates the ratio of neutralization potential (from easily soluble carbonate minerals) to acid-generating potential (based on sulphide content (assumed to be pyrite), For most current guidance, materials with NPR greater than 2 are considered non-acidgenerating (INAP 2009; MEND 2009 ). Our work suggest that such As-bearing Fe oxides are more likely related to gold ore roasting. However, it is clear that there is the potential to confuse in situ sulphide weathering textures with concentric roasterderived oxidation textures. The dispersed nanocrystalline arsenic association of both forms further adds to their similarity. The specific oxidation products involved (Fe oxyhydroxides in the former, and maghemite or hematite in the latter) and the well developed multiple layering of concentric roaster textures are distinctive.
Characterization by Sequential Selective Extractions (SSE)
Sequential selective extraction results for As, Fe, Ca and S are presented in Figure 3 for the six operationally defined leaches. Though operationally defined, the precision and reproducibility of these leaches is excellent (Figure 2) , which emphasizes the value of this technique in supporting other more direct mineralogical characterization techniques. SSE for the samples indicate variable proportions of As associated with the different leaches (Figure 3a) . The flotation tailings sample (M1M) has one of the lowest total As concentration (930 ppm) with more than 95% associated with the sulphide (aqua regia) and residual (total digestion) extractions. This is consistent with petrographic observations presented above. Mill processing (flotation) removed much of the sulphide (thus the low As content) and remaining As-bearing sulphides showed no evidence of oxidation. Almost 40% of the As was returned in the residual extraction suggesting almost half of the arsenopyrite and arsenical pyrite were included within silicates. The sulphide content of M1M was sufficiently low (<1%) and fine grained (typically <5 μm) that it is difficult to estimate modal amounts petrographically, but pyrite and arsenopyrite were commonly observed included in silicates which is supportive of the SSE results. The As content is much higher in the calcine and ESP dust (roasted ore mill products M2M and M4M), and greater proportions of the As are associated with the less aggressive leaches, especially the Fe oxide extractable fractions in comparison to the flotation tailings ( Figure  3a) . The ESP dust contains more than 4 wt% As with only 20% of this in the combined sulphide and residual fractions, 55% in the combined Fe oxide extractable fractions and 25% in the combined exchangeable and carbonate fractions. The significant concentration of As in the exchangeable and carbonate extractions of the ESP dust (which amounts to almost 1% (w/w)) may be due to the dissolution of arsenic trioxide that was detected by XRD or perhaps other as yet unidentified forms (e.g. Ca arsenites or Ca arsenates (Nishimura & Robins 1998) ) formed by interaction of dissolved As and lime added prior to the batch cyanide extraction of this material. In addition, some substitution of AsO 4 for SO 4 in gypsum is possible (Fernandez-Martinez et al. 2006; Fernandez-Martinez et al. 2008) especially under alkaline conditions. The diversity of potential As forms and the fine-grained nature of the ESP dust make this material a challenge to characterize; however, SSE results for this material are unique. Available micro-analytical results and further discussion of fine grained tailings materials including ESP dust are provided in the following section.
The calcine contains approximately 2.5 wt% As with 70% in the combined sulphide and residual fractions, 24% in the combined Fe oxide fractions, and 6% in the combined exchangeable and carbonate fractions (Figure 3a) . The tailings samples contain substantially less As, ranging from 4500 ppm at NW1a-S2 to 1200 ppm at B1b-S4 which reflects the dilution of the high As waste streams (calcine or ESP dust) in flotation tailings at time of deposition. The distribution of the As within the SSE fractions varies, with As in N2b-S2, HC1b-S1, HC1b-S2, and B1b-S1 appearing to be generally similar in proportions to the ESP dust and As in N2b-S1 and B1b-S2 through S4 appearing to be generally similar in proportions to the calcine. N4b-S3 has greater Fe oxide extractable fractions than the aforementioned samples similar to calcine, but less than the samples otherwise similar to ESP dust.
Sulphur behaviour within the sequential extractions is less variable and indicates primarily an association with the sulphide fraction for most samples (Figure 3b ), although almost 50% of the sulphur in M4M (the cyanided ESP dust) is associated with other extractions including 36% in the exchangeable fraction. In addition to M4M, a significant amount of soluble sulphur (probably sulphate) is observed for samples NW1a-S2, N2b-S2, N4b-S3, HC1b-S1, HC1b-S2 and B1b-S1. The other samples (flotation tailings, calcine and other tailings) contain almost 100% sulphideassociated sulphur. It is notable that the samples with the highest fraction of sulphur in the exchangeable portion (and especially N2b-S2, HC1b-S1 and HC1b-S2) have the least As in the sulphide and residual fractions. With the exception of B1b-S1, all of the samples with weakly bound S comprise (or contain laminae of) fine-grained opaque material (fine silt and clay) which could be derived from distal preferential settling of ESP dust tailings that is enriched in gypsum and perhaps other sulphates. Sample B1b-S1 is unique in that it comes from an area of tailings discharged prior to collection of ESP dust at the mill. Therefore it is unlikely that ESP dust explains the soluble sufur in this sample.
The strong association between As and Fe (arsenopyrite, arsenical pyrite, As-bearing Fe oxyhydroxides and As-bearing roasterderived Fe oxides), evident petrographically, would suggest that the Fe SSE results could be key in determining solid-phase As speciation in these complex materials. In fact all samples do show a significant distribution of Fe among four of the six operationallydefined fractions (amorphous Fe-Mn oxides, crystalline Fe oxides, sulphides and residual, Figure 3c ). However, in addition to the aforementioned minor Fe phases, Fe is a major constituent within the bulk mineralogy of all of the samples (Fe-rich dolomite and Fe-bearing phyllosilicates, e.g. chlorite). Close inspection of the data has confirmed that the Fe concentrations in specific fractions show little relationship to the As-bearing Fe phases and instead respond largely to Fe in the As-free dolomite (Fe oxide extractions) and phyllosilicates (sulphide extraction). The refractory character of the Fe dolomite to the carbonate extraction and dissolution in the amorphous and crystalline Fe oxide fractions is confirmed by the presence of significant Ca (Figure 3d ) and Mg (data not shown) in the Fe oxide extractable fractions. This was also confirmed by laboratory analysis of dolomite and ankerite (Fe dolomite) under the same SSE procedure (unpublished data). Most of the Ca elutes in the amorphous Fe oxide fraction while the Fe elutes to an equal or greater extent in the crystalline Fe oxide fraction (Figure 3c,d ). This may be due to the presence of crystalline Fe oxides; however, some of this may also be due to incongruent dissolution of the Fe dolomite. The link between Fe originating from phyllosilicates in the sulphide fraction instead of sulphides is confirmed by similar magnitude molar quantities of Mg and Al (not shown). In addition, the Fe in the sulphide fraction exceeds sulphur in this fraction by 10 to 100 times on a molar basis. The two samples with the highest Fe content (M2M and M4M) also warrant additional discussion. While major element concentrations (Mg and Al) in the sulphide extraction suggest similar phyllosilicate content in the ESP dust as other tailings and depleted phyllosilicate content in the calcine (by about a third), the Fe content for both samples is up to an order of magnitude higher than the other tailings. This suggests either the presence of an Fe phase resistant to the crystalline Fe oxide leach or inhibited (incomplete) dissolution of the Fe oxides in these leaches due to the high leachate Fe concentration (3% to 4% w/w in the solids). The reported crystalline Fe oxide-associated As fraction in these two samples (M2M and M4M, Figure 3a ) may also be underestimated, unless As dissociation is predominantly occurring through desorption rather than complete dissolution. The relatively small amount of As in the sulphide and residual fractions for M4M suggests any underestimation for this sample is small and perhaps it is only the coarse grains of As-bearing maghemite or hematite in calcine that are somewhat resistant to dissolution in the crystalline Fe oxide leach.
It is clear from the above results that the As associations within the mill products and tailings are complicated. However, the SSE procedure is effective at determining the quantity of sulphidebound As (with the possible exception of the very high As and Fe content calcine). The aqua-regia extraction is interpreted to represent the extraction of sulphide-associated As from liberated and partly liberated pyrite and arsenopyrite grains as well as some sulphides occluded within phyllosilicates. The residual fraction is expected to represent remaining sulphides occluded within phyllosilicates and those wholly occluded within other silicates (mostly quartz). With the exception of sample M2M described above, the presence of Fe oxide associated As can be inferred from the amorphous and crystalline Fe oxide extractions. The presence of mixed As oxidation states (As 3+ and As 5 , see Table 4 ) and an incomplete understanding of the As mineral association in all but the flotation tailings sample precludes any further meaningful interpretation of As in the Fe oxide, carbonate and exchangeable leaches. As 3+ and As 5+ may behave differently under the differing conditions of the SSE steps. For some of the tailings samples (B1b S3 and B1b S4) there is the additional complication that they contain mixtures of roaster-derived Fe oxides (maghemite and mixed maghemite-hematite grains) and in some cases Fe oxyhydroxide weathering rims all of which contain significant As.
Microanalytical Characterization of Roaster-derived Source Materials
Understanding the potential mobility and bioavailability of As in these materials as well as sediments and possibly soils that could contain roaster-derived wastes depends on an understanding of the form of As and binding mechanisms in the roaster Fe oxides. A micro-analytical approach that combines coincident synchrotron μ-XRD and μ-XANES, previously described (Walker et al. 2005) , has been widely applied to a range of As and mineral associations in the mill products and recent tailings. These data, combined with existing metallurgical and mineralogical studies in the literature, allow us to propose a mechanism for the incorporation of the As in the roaster Fe oxides. These data are also used to aid in interpreting the form of As in the older tailings samples from the Giant mine that have been exposed in the environment for many years.
A wide range of roaster-derived Fe oxide morphologies and mineral associations were targeted for analysis in both the Giant calcine (M2M), Con Calcine (CM1a) and recent Giant tailings (NW1a-S2) in an attempt to understand the mechanisms that lead to the incorporation of As into the Fe oxides. Incompletely reacted grains that contained relic or intermediate sulphides (arsenopyrite, pyrite and pyrrhotite) were felt to be particularly important for this purpose even though they tend to represent phases that are otherwise in low abundance.
A large concentric textured grain with relic pyrite (Figure 4 ) was subjected to a range of characterization techniques (EPMA, electron-probe X-ray mapping, μ-XANES, μ-XRD, and μ-XRF mapping). At greater than 150 μm in diameter this grain is somewhat atypical since roaster Fe oxides are generally less than 50 μm in diameter due to a post-roasting wash and regrind. However, we expect the roaster-derived features of this grain are applicable to Figure 4f . Second 100 series numbers (where given) are μ−XANES and μ−XRD analyses repeated over 1 year later after X-ray mapping and EPMA point analyses (rastering of electron beam on target for more than 8 hours). Targeting was by repeat μ−XRF mapping. Smaller d-spacing range was intersected for these μ−XRD analyses due to a fixed, but longer sample to detector distance (20 cm± instead of the previous standard 17 cm±). 2 Pattern for mhCal is generally weak. Number in brackets is number of peaks identified. 3 Ratio of 101 mhCal reflection to 311 Mgh reflection in integrated pattern. *μ−XANES analysis only. †Good pattern for mhCal. Four of four mhCal peaks observed within the d-spacing interval sampled, but interval differs from previous analyses (see note 1). ‡mhCal 101 to Mgh 311 ratio cannot be calculated in the same manner as earlier analyses (41 through 50). See note 1. **LC XANES fit gave small negative value for this component so fit was made with the other two components alone. n.a., not analysed.
smaller grains or grain fragments. X-ray mapping of this grain (Figure 4b -e) confirms the strong association of As with the Fe oxide rim. A characteristic of this grain is the presence of a Ca-rich rim surrounding the entire grain (Figure 4e ). This rim is unlikely to be related to roasting, and may be due to post-roast liming for cyanide treatment. The large grain-size and fragile Ca-rim suggest it may have bypassed the regrinding step prior to cyanidation. The As content of the Fe oxide rim on this grain ranges from 2.4-3.6% As with the higher concentrations on the inner-most rim in contact with the pyrite (containing <0.5% As). This represents at least a seven-fold increase in As concentration from the pyrite to the Fe oxide rim which cannot be accounted for simply by the reduction in molecular volume from pyrite to maghemite (~31%). We infer that the source of the As is largely from the vapor in the roaster and not the pyrite. This fits with observations by some (e.g. Vian et al. 1963 ) that production of Fe oxides must be carefully avoided during roasting in order to prevent retention of As in the calcines. Synchrotron μ-XRF mapping of this grain (Figure 4f ) is consistent with that of the EPMA showing the Fe-rich rim and faint Ca outer rim. The most As-enriched spots (magenta) in Figure 4f correspond to small arsenopyrite grains either observed in thin section photos or inferred as buried grains. Arsenic response within the Fe oxide rim is too low to be clearly seen in this false colour image (Figure 4f ). The different apparent dimensions of the grain in Figure 4f (synchrotron) and Figures 4a to 4e (optical and EPMA), are a result of the synchrotron beam configuration (sample is at 45º to the beam in the horizontal plane), differences in spatial resolution, and the greater penetrating power of the X-ray beam (depth averaged response).
Spot μ-XANES analyses for this grain (Figures 4f, 5) show a wide range in the ratio of As 3+ /As 5+ . Interpretation of the variation is clearer when combined with coincident μ-XRD (Figure 4f , Table 4 ). The Fe oxide rimming the pyrite in this grain is maghemite (primitive cubic form) and this is the dominant μ-XRD pattern in all spots analysed. Monohydrocalcite (mhCal) is also frequently observed as spotty rings with the best pattern observed at location 46 ( Figure 6 ). Arsenic appears to be associated with the Ca rim, predominantly as arsenate. X-ray mapping (Figures 4c, e) indicates the width of the As band around the pyrite core coincides generally with the Ca limit and not that of Fe. However, it is noted that the As response is relatively weak and the outermost limit rather diffuse. Micro-XANES analyses of spots that show the greatest evidence of mhCal in coincident μ-XRD patterns show the lowest ratio of As 3+ /As 5+ in the range of 0.5 to 0.8. Conversely those that show little evidence of mhCal have As 3+ /As 5+ ratios in the 1.5 to 1.9 range. The low As 3+ / As 5+ ratio may also be related in whole or in part to the bright outer Fe oxide rim since it seems to be spatially related to the mhCal and contains less As than the interior rims.
Another important group of partially-reacted grains in the Giant calcine is that containing relic pyrrhotite. Reaction of pyrite and arsenopyrite occurs via a pyrrhotite intermediate at more elevated temperatures than the concentric form or in SO 2 enriched atmosphere (e.g. first stage of roasting) that may inhibit direct reaction of pyrite to Fe oxide (Grimsey & Aylmore 1990; Jha & Kramer 1984; Swash & Ellis 1986; Grimsey & Aylmore 1992; Dunn et al. 1995) . Such conditions favor the partial removal of S from pyrite and preferential removal of As from arsenopyrite (and presumably arsenical pyrite). Two small grains containing relic pyrrhotite and exhibiting different textural morphologies in the calcine residue sample (M2M) were specifically targeted for analysis (Figure 7a, b) with two spot analyses completed on each. The As 3+ /As 5+ ratios for the grain in Figure 7a were 2.8 and 2.0 for the centre and rim, respectively. The As 3+ /As 5+ ratios for the grain in Figure 7b were 1.8 and 0.98 for the relic sulphide portion and low reflectivity Fe oxide target, respectively. Both grains show a predominant smooth ring maghemite pattern with spotty rings of pyrrhotite. The μ-XRD pattern for the microporous pyrrhotite (Figure 7c ) is distinctive with Bragg reflections as diffuse spots in contrast to the smooth rings of maghemite and fine spotty rings of pyrite. The diffuse nature of spots for pyrrhotite may indicate the presence of crystallite strain, the presence of lower symmetry lines of monoclinic pyrrhotite, or both. The presence of relic pyrite in the μ-XRD pattern for the grain (which is not evident by reflected light microscopy) suggests the grain represents the rapid decrepitation of pyrite to pyrrhotite at the micron scale following a brief direct reaction of pyrite to nanocrystalline maghemite recorded by the thin relic outer rim. We interpret the presence of dominantly As 3+ in the core as the initial stages of oxidation of the pyrrhotite and incorporation of the As under elevated partial pressure of SO 2 (partial pressure of O 2 kept low due to reacting pyrrhotite). The lower As 3+ /As 5+ ratio toward the outer rim may indicate either a previously established lower As 3+ /As 5+ ratio in the outer rim (during direct oxidation of pyrite to magnetite/maghemite) or As oxidation state equilibration with higher partial pressure of O 2 at the outside of the grain. It is difficult to discern the primitive cubic maghemite peaks in either of the XRD patterns for these grains (data not shown) suggesting either magnetite or very finely divided maghemite is the Fe oxide formed (Cornell & Schwertmann 2003; Haneda & Morrish 1977) . For the grain in Figure 7a , both maghemite/magnetite XRD patterns are weak, but it is interesting that the weaker of the two patterns (rim) shows slight evidence of two of the primitive cubic peaks (5.95 and 3.73Å) characteristic of maghemite, while the pattern from the core shows no evidence. Optically the outer rim appears to be maghemite while the core associated with pyrrhotite may be magnetite. Another important observation is the coexistence of pyrite, pyrrhotite and magnetite/maghemite. It has been suggested (e.g. Grimsey & Aylmore 1992; Dunn et al. 1995) that the oxidation of pyrrhotite will not commence until pyrite is exhausted. Our data suggest this need not be the case. It may be that the shrinking core(s) of pyrite gets so small that it does not generate sufficient SO 2 to prevent oxidation of the pyrrhotite to Fe oxide. A change in local gas atmosphere around the particle could also play a role. The XRD pattern for both targets in Figure 7b contains the primitive cubic lines for maghemite (data not shown). Table 5 lists observed mineralogy (confirmed by μ-XRD), μ-XANES and EPMA results for a range of roaster-derived grains from recent calcine (M2M, NW1aS2), old Edwards roaster calcine from Con Mill stockpile (CM1a) and analysis of cyanided ESP dust (M4M). Though the grains take many forms, in the absence of sulphide, ratios of As 3+ /As 5+ are typically less than 1.4. A number of grains analysed by EPMA suggest lower concentrations of As on particle surfaces (outer layers) than interior regions.
Considering the consistent observation of mixed oxidation state As (As 3+ and As 5+ ) in these materials, we provide a brief comment on the potential existence of some rare solid phases that contain mixed oxidation state As, namely Fe 2 As 3+ (As 5+ O 4 ) 3 (Van Elteren et al. 2006; D'Yvoire & Nguyen 1979; D'Yvoire et al. 1974) and As 2 O 4 (Barten 1984; Jones et al. 1980; Long & Sackman 1963a,b,c) . Both of these phases are unknown as minerals, but may be formed at elevated temperatures. In the case of Fe 2 As 3+ (As 5+ O 4 ) 3 , D 'Yvoire et al. (1974) identified this phase at temperatures around 800ºC much higher than the roasting temperature employed at Giant. Solid arsenic tetroxide may be stable at the lower end of roasting temperatures (400ºC to <600ºC) (Nakazawa et al. 2003b; Barten 1984; D'Yvoire et al. 1969; Long & Sackman 1963a) , but has very rarely been considered in this context. Aside from challenges identified in the literature on producing As 2 O 4 , Long & Sackman (1963b) also point out that it dissolves quite readily and rapidly in water. Neither of the mixed oxidation state phases discussed above were detected by μ-XRD in the products of roasting investigated here and mixed oxidation states in the roaster Fe-oxides vary widely further supporting a lack such stoichiometric mixed oxidation phases.
Arsenic incorporation in roaster Fe oxides
In addition to the nanocrystalline nature of the roaster Fe oxides, there are a number of other factors that may be important in the Figure 4 . The compound spectra (mixed As 3+ and As 5+ ) show a shift from As 5+ dominated to As 3+ dominated toward the sulphide core. At the sulphide core (701-49) the spectra is dominated by the arsenical pyrite (As 1-).
incorporation or binding of As to these phases during roasting. The effect of roasting gold ores in the presence of water vapour has seldom been considered, with the work of Grimsey & Aylmore (1990) being a notable exception. Their work indicates that water vapor primarily acts as a dilutent in roasting and has little apparent effect on mineralogy. Although they did observe that arsenic removal was more rapid under high O 2 /low water vapour conditions than higher SO 2 /high water vapour conditions. Grimsey & Aylmore (1990) Pokrovski et al. (2002) indicates As(OH) 3 is the dominant form of As in vapor under hydrothermal conditions (instead of the generally assumed As 4 O 6 ) at atmospheric pressure and above 200ºC. Water vapor may be a significant portion of the gas phase in many roasters (including Giant) since the feed enters as a slurry and significant water is added to control roasting temperature (Tait 1961; Halverson 1990 ). Based on our preceding findings and discussion, we hypothesize that the As, as either As(OH) 3 or As 4 O 6 , enters the porous grains along with oxygen to contact the newly formed or reacting Fe oxide surface where it chemisorbs. As 4 O 6 would have to dissociate in order to accomplish this. If the surface coverage of As reached sufficient site density the possibility of forming nanoclusters or fine crystallites of Fe arsenates or Fe arsenites also arises, although the very high surface area of these nanocrystalline domains would not require this for the arsenic content observed. The partial pressure of O 2 at the reacting sites would determine the ratio of arsenate to arsenite forms present. The presence of Fe arsenate or Fe arsenite phases precipitated at the surfaces of roaster Fe oxide crystallites assumes their abundance is sufficiently low to remain undetected by μ-XRD which is possible given the relatively low As content of these grains (Walker et al. 2005) . Numerous anhydrous ferric arsenates have been identified in thermogravimetric studies in the Fe-As-O system. The specific Fe arsenate phases observed in the typical roasting temperature range include: C type Fe meta-arsenate (Fe(AsO 3 ) 3 ) (D'Yvoire et al. 1974) and three different polymorphs of FeAsO 4 (types I, II and III) (D'Yvoire et al. 1969 ) that give way to a single phase (FeAsO 4 , type I) at around 800ºC. However, all of these phases originated in experiments involving the thermal decomposition of hydrated Fe arsenates of similar stoichiometry to the resulting phases, so it is difficult to ascertain the relevance of these studies to As phases produced under roasting conditions with no such precursor. Specific possibilities for Fe arsenite compounds are more limited. Schneiderhohnite is a rare anhydrous mixed ferrous and ferric iron secondary arsenite mineral (Hawthorne 1985) , but its conditions of formation are not well described. The presence of trace amounts of Ca, Sb (Fawcett & Jamieson 2011) and S further increases possible As associations in the roaster Fe oxides in abundances below detection by μ-XRD. Arsenic μ-EXAFS has the potential to resolve some of these issues, but is challenging due to the presence of mixed As 3+ and As 5+ in species in the roaster Fe oxides and the necessity of acquiring high-quality data from small composite grains. Moreover, there are a wide range of sorbed As 3+ configurations being considered for finely crystalline maghemite in aqueous systems based on carefully controlled laboratory studies (Auffan et al. 2008; Morin et al. 2008; Wang et al. 2008) , which increases the complexity of EXAFS analysis.
An explanation for the resistance of As 3+ to oxidation could simply be a low permeability of the very finely crystalline aggregate grains. This is not well supported by the fact that these finely porous Fe oxides were amenable to cyanide permeation for extraction of Au. A more plausible explanation of the presence of As 3+ in the roaster Fe oxides (described in the following section) is incorporation within the maghemite crystal framework as trigonal bridging complexes at defect sites in maghemite. Binding of As in such a manner could account for the persistence of As 3+ in the oxic subaerial tailings environment.
The hematite-bearing grains that we have analysed, though low in abundance, always contain As concentrations toward the lower end of the range in roaster Fe oxides (<2 wt% As). Further, the As concentrations in the most hematite-rich regions of these grains are lower than maghemite regions and the Debye-Scherrer rings in the μ-XRD patterns of the hematite exhibit a more distinct spotty character (Walker et al. 2005) . In our previous work, a coarsening in grain-size (and corresponding ejection of some As) upon transformation of maghemite to hematite in the roaster was advanced as a plausible explanation for these observations (Walker et al. 2005) . This spotty nature of the hematite μ-XRD pattern can also be observed in a pseudo-3D plot (Figure 8) where the hematite exhibits a 'saw-tooth' pattern in comparison to the smoother pattern for a typical maghemite grain.
Accommodation of AsO 3 associated with defects in maghemite structure
The maghemite structure is closely related to the magnetite structure. Cations occupy tetrahedral and octahedral sites in a closest-packed array of oxygen atoms. As the ferrous iron in magnetite is oxidized, defects are introduced to maintain charge balance. Greaves (1983) observed an ordering of these defects that created a tetragonal symmetry with unit cell dimensions and atomic structure very similar to magnetite. The defect was found to occur at the octahedral site which is consistent with the general observation that higher charged cations would occupy the tetrahedral site.
If the arsenite molecule is to be included in the structure of maghemite it would be associated with these defects. The arsenite molecule in minerals has an average bond of 1.776Å (Hawthorne, 1985) and an average bond angle of 97.2°. The closest-packed nature of oxygen in the maghemite structure creates several positions where As would have bond lengths and angles reasonably close to the averages observed in other minerals. To decide where the As could be located one must look at next nearest neighbour distances. Using the magnetite structure as a starting point and assuming the cation vacancy occurs at the octahedral site, two possible locations for the AsO 3 molecule exist. In one possibility, the AsO 3 group would share edges with three Fe containing octahedra and the As-Fe distances would be as close as 2.6Å. The second location, for the As within the unfilled octahedra so that an AsO 3 group is formed, has the AsO 3 group sharing an edge with only one octahedral site (Figure 9 ). Table 6 lists the bonding and non-bonding distances and angles for this configuration. Again this calculated Fe-As distance (2.52Å) is too short to be allowed, but if this adjacent octahedral site was unfilled then no short As-Fe distances would occur. This coupling of an AsO 3 group and a Fe vacancy would not require additional Fe vacancies in the maghemite because of the charge compensation created by As 3+ . With the AsO 3 group in this position, the lone pair of arsenic is not too close to adjacent oxygen atoms (2.42Å). Another possible, but less likely, location for As substitution could involve a defect at the tetrahedral site but the calculated bond lengths are significantly longer and significant structural distortion of the maghemite structure would be required to accommodate the AsO 3 group.
All of the distances and angles were calculated using the ideal magnetite structure. There will be some relaxation of oxygen positions to accommodate the Fe defects, as observed by Greaves (1983) and As substitution. Based on stereo-chemical arguments it is possible to conclude that As may be included in the maghemite to form an AsO 3 group associated with Fe vacancy at an octahedral site. Morin et al. (2008) showed that both As 3+ and As 5+ form inner sphere complexes at the maghemite-water interface under anoxic conditions at room temperature, and that As 3+ did not oxidize after 24 hours. The maghemite-arsenic association in the Giant calcine is similar to that in the experiments done by Morin et al. (2008) in that it is very fine grained (high surface area) and both As 3+ and As 5+ are present. However, in the roaster, maghemite forms by gas exchange and recrystallization from a sulphide precursor at c. 500°C, under a partially oxidizing atmosphere. Under roaster conditions, As has the potential to be incorporated into maghemite differently than the aqueous inner sphere (surface sorbed) complexes described by Morin et al. (2008) .
Roaster Fe oxides in aged tailings at the Giant site
The roaster Fe oxides have been dispersed into the surrounding environment and some exposed to the atmosphere for more than 50 years. Roaster Fe oxides generally appear similar in the tailings to those observed in the mill products and recent tailings and μ-XRD and μ-XANES give similar results. Even though As 3+ is considered mobile and should be readily oxidized to As 5+ in the oxic environments investigated in this study, it nonetheless persists in association with the roaster-derived maghemite. The presence of weathering sulphides exhibiting only As 5+ and residual As 1-in the shoreline tailings (Walker et al. 2005) provides direct evidence of the prevailing oxidizing environment where some of the mixed oxidation state roaster Fe oxides occur.
The lower arsenic contents and lower As 3+ /As 5+ ratios in the Yellowknife Bay shoreline tailings (Table 7) may be related to the hearth roasting conducted for these oldest tailings. We analysed the Con Mine calcine and this did confirm the more frequent presence of hematite in this hearth roaster calcine which supports the greater apparent hematite component (and more red character) observed in the shoreline calcine (probably due to locally higher roasting temperatures within the reacting bed). The Con calcine (CM1a) roaster Fe oxides also exhibited the characteristic mixed As 3+ and As 5+ oxidation state (data not shown). Fig. 9 . Incorporation of AsO 3 unit in the maghemite framework. The magnetite structure showing edge-sharing Fecontaining octahedra and corner-sharing Fe-containing tetrahedra (a). The light-blue octahedra at the centre of the cluster (a) will contain the AsO 3 (b) and the lower light-blue octahedra will be vacant in arsenic-bearing maghemite. The AsO 3 group is oriented in the octahedra such that each oxygen of the group is shared with one Fecontaining octahedra and one Fe-containing tetrahedra. One edge of the pyramidal AsO 3 group is shared with an unoccupied octahedral site (light blue). For colour images, please see online version.
ESP Dust and fine-grained laminae in tailings
Three μ-XANES analyses of fine grained matrix of ESP dust indicate this material is dominated by As 3+ (Table 5 , Figure 10 ). These spots targeted Fe-rich zones and are unlikely to result from the presence of arsenic trioxide unless it is very fine grained and dispersed. It is more probable that the fine roaster Fe oxides in this material carry a high As 3+ /As 5+ signature, especially if there is short circuiting of fine dust from the first roasting vessel (low O 2 partial pressure) directly to the discharge flue with little reaction in the more oxic second roaster. Similarly, high As 3+ /As 5+ ratios have been reported for some fine-grained deposits in North Pond tailings ( Figure 10 ). The ESP dust constitutes only a small volume fraction of the As tailings discharged, but its high As content, and fine grain-size may increase its importance with increasing distance from the discharge point. Other fine As-rich materials that may be important in the tailings and down-stream in Baker Creek are fine calcine (including fine As-rich solids from the two calcine wash and regrind circuits (Smecht et al. 1975; Tait 1961) . In addition, from 1967-1981 (prior to commissioning of waste-water treatment of excess tailings water) high arsenic waste streams were treated with lime before discharge to tailings (SRK & Senes 2007) . This may have produced additional fine Ca-As precipitates not unlike those previously discussed for the ESP dust (subject to liming for cyanidation). Available analyses are insufficient to address the mineralogy of this fine grained material, but where analysed by μ-XANES (e.g. HC1b, N4b) it always contains mixed oxidation state As 3+ and As 5+ in similar ranges to those observed in calcine and ESP dust. Finely dispersed arsenopyrite is also detected in such material by the presence of the characteristic As 1-peak in μ-XANES of As-rich hot spots.
Conclusions
The application of grain-scale analysis, using synchrotron μ-XRD and μ-XANES with mill products and tailings from the Giant mine, has led to a hypothesis that explains how As may become bound within the nanocrystalline composite Fe oxide grains formed in the roaster. The nanocrystalline nature of these grains and particularly their permeability to water and gases will be important in their reactivity under different environmental conditions. The processing of ore at Giant imprints the roaster-derived phases with unique characteristics that have persisted in the subaerial environment for 20-50 years even though it would be expected that As 3+ would oxidize to As 5+ under those conditions. We have shown that arsenic incorporation into the roaster Fe oxides occurs during crystallization of the magnetite from the sulphide or more probably during conversion of magnetite to maghemite, and that trigonal pyramidal As 3+ bridging complexes associated with defects in the maghemite structure offers the most plausible explanation for As 3+ persistence in the environment.
Another important outcome of this study is the observation that the fine-grained roaster-derived materials (fine calcine and ESP dust) at the Giant mine are present not only in contained tailings but in fine tailings-rich sediments beyond the tailings areas. This work along with other recent studies (Andrade et al. 2010; Fawcett & Jamieson 2011 ) confirms earlier suggestions (Walker et al. 2005 ) that these materials have been important As source inputs and perhaps persistent As hosts in Baker Creek and Yellowknife Bay. Interestingly, the very low As 5+ content of roaster Fe oxide grains in reduced sediments of Baker Creek described by Fawcett & Jamieson (2011) seems to suggest that while the As 3+ association is resistant to oxidation in the environment, the As 5+ association with the roaster Fe oxides is not similarly resistant to reduction.
The unique characteristics of As bound within these complex materials must therefore be considered when investigating As behaviour in the environment resulting from metallurgical operations such as ore roasting. 
